The practical importance for the pharmaceutical and cosmetics industries of the interactions between biological membranes and surfactant molecules has led to intensive research within this area. The interactions of non-ionic surfactant n-octyl-β-D-glucopyranoside (OG) with the human and rat erythrocyte membranes were studied. The in vitro hemolytic and antihemolytic activities were determined by employing a method in which both erythrocytes were added to the hypotonic medium containing OG at different concentrations, and the amount of haemoglobin released was determined. noctyl-β-D-glucopyranoside was found to have a biphasic effect on both types of erythrocyte membrane. We also investigated the interactions of OG with the erythrocyte membrane in isotonic medium; the dose-dependent curves show similar behaviour in both human and rat erythrocytes. Our results showed that OG has greater antihemolytic potency on rat than on human erythrocytes; furthermore, rat erythrocytes were more sensitive than human erythrocytes to hypotonic shock. How the different lipoprotein structure of these erythrocytes determines a difference in antihemolytic activity is discussed.
INTRODUCTION
Surfactants are important ingredients in a number of chemical products that are widely used in modern daily life, such as cosmetics, medicines and household goods. As it is known that surface-active compounds can adversely affect the aquatic environment, the biodegradability and biocompatibility of surfactants have become almost as important for consumers as their functional performance. Surfactants are amphipathic molecules and contain a hydrophobic and a hydrophilic moiety, thus allowing them to interact with both polar and non-polar molecules, respectively. Surfactants are classified according to their chemical constitution and are usually divided into four classes: amphoteric, anionic, cationic and nonionic. Due to their amphipathic properties, surfactants can be used as cleaners, emulsifiers, foaming and wetting agents, etc.
Many authors have attempted to evaluate the potential risks of surfactants for human health by means of in vitro methods; a very common model for studying surfactant action was to measure the osmotic cell resistance of red blood cells (RBCs); it has been found that they present a biphasic effect: at low concentrations, they protect RBCs against hypotonic or mechanically induced lysis, whereas at higher concentrations they in fact induce RBC hemolysis [1] . The mechanism underlying the antihemolytic effect of surfactants is not fully understood. It is thought that, by intercalating into the lipid bilayer of the membrane, the surfactants expand the membrane, thereby allowing the cell to swell to a larger volume before it lyses [1] . This intercalation is apparently the primary step which triggers alteration in membranes. Some effects of surfactant molecules, such as *Address correspondence to this author at the Department PharmacoBiology, University of Bari "A. Moro", via E. Orabona 4, 70126 Bari, Italy; Tel/Fax: +390805442775; E-mail: dmeleleo@farmbiol.uniba.it protection against hypotonic hemolysis, seem to be the result of a nonspecific interaction between the bilayer and the detergent [2] .
The hemolysis assay has became a classic tool for studying surfactants in drug-membrane interactions. To increase our knowledge regarding the possible action of surfactants on erythrocyte membranes, we investigated the action of the nonionic surfactant n-octyl-β-D-glucopyranoside (OG) on red blood cells under hypotonic conditions. OG is a nonionic and nontoxic surfactant which belongs to the alkylglucoside class [3, 4] , its structure is similar to that of sugar monoester surfactants, which are used as nontoxic and easily biodegradable emulsifiers for human food [5] . OG is believed to be a "mild" surfactant in terms of its denaturing effects on protein and it also shows a relatively high critical micelle concentration (CMC=19-25 mM at 25°C) [6] .
In this work, we report on an experiment in which OG at low concentrations induces protection (membrane stabilization) against hypotonic hemolysis in rat and human erythrocytes.
EXPERIMENTAL PROCEDURES

Surfactant
The nonionic surfactant was n-octyl-β-D-glucopyranoside (OG) from Calbiochem USA 494459 (purity of 99%), dissolved in PBS.
Erythrocyte Preparation
Human erythrocytes were obtained from the blood of healthy adult volunteers (Blood Bank at the Policlinico hospital, Bari, Italy), after informed consent had been obtained. Rat erythrocytes were obtained from the blood of male Wistar rats, weighing 250-300g. Rat were anesthetized with ethyl ether and blood collected from the abdominal aorta. All procedures were approved by our Animal Care Institute, and the animals were maintained in accordance with the Guide for the care and use of Laboratory Animals [7] . Erythrocytes were separated from blood plasma by centrifugation (10 min at 1500g at 4° C) and washed three times with PBS (137 mM NaCl, 2.7 mM KCl, 8 mM Na 2 HPO 4 , 1.15 mM KH 2 PO 4 , pH 7.4, 300 mOsM) for 5 min at 1500g at 4°C. The supernatant and the buffy coat were carefully removed after each wash. The cells were then suspended at a cell density of 8 x 10 9 cell/ml. All experiments were carried out within 24 h of drawing the blood.
Protection Against Hypotonic Hemolysis
Our attempt was to compare the effects of OG in rat and human erythrocytes at the same OG concentration/RBC plasma membrane area. The surface area of rat/human erythrocytes has been estimated to be 121/140 µm 2 , respectively [8] . Rat/human erythrocytes were therefore suspended in the buffer at a cell density of 2.0 x 10 8 /1.74 x 10 8 cell/ml, respectively; so that the total area of erythrocytes in the sample is almost the same (about 2.4x10 10 µm 2 /ml).
Surfactant antihemolysis was carried out in PBS to such an osmolarity that about 60-70% of untreated rat or human erythrocytes were hemolysed. A final cell density of 2.0 x 10 8 and 1.74 x 10 8 cells/ml rat and human, respectively, was incubated with different concentrations of OG (0.1mM -2mM). Incubation was carried out in the vials, with constant shaking in a thermostat bath at 37°C for 60 min. After incubation, erythrocytes were centrifuged for 10 min at 2000g at 4°C. Hemolysis was studied according to the method of Drabkin [9] . Cyanmethemoglobin was measured by spectrophotometry at a wavelength of 540 nm and absorbance values were converted to percentage hemolysis of the sample to that of the control totally hemolysed with distilled water. The antihemolytic potency of the surfactant was expressed as the percentage of hemolysis reduction compared with a surfactant-free specimen.
Variations in Erythrocyte Volume
The percentage expansion of red blood cell membranes induced by the surfactant was determined. The erythrocytes were incubated with 0.1, 0.5, 1.0 and 2.0 mM OG in PBS ranging between 105 -300 (mOsm/l) osmolarity. The percentage of hemolysis was determined as described above. The PBS concentration resulting in 50% hemolysis (C 50% ) was determined by means of dose-response curves. During hypotonic hemolysis, the red cell volume increased from its initial value (V 0, MCV= mean corpuscular volume) to the maximal volume, the so-called critical hemolytic volume (V h ). According to Ponder [10] , the relationship between V h and C 50% is described by the equation:
which is applicable to mammalian red cell, where V na is the osmotically inactive volume representing 30% of the human and rat erythrocyte volume (V 0 = 87/56 fL for human/rat erythrocytes, respectively [11, 12] ), V a the osmotically active part of the erythrocyte volume representing 70% of V 0 , and C iso is the isosmotic concentration. The values taken for V na = 26.1/16.8 fL and V a = 60.9/39.2 fL for human/rat erythrocytes respectively; C iso = 300 mOsm/L; C 50% = value in mOsm/L determined for the control or for OG. The volume expansion can be calculated from the relationship between V h for the control and V h for the treated cells and expressed as a percentage [13] [14] [15] .
Statistical Analysis
Significance differences were determined using analysis of variance and Student's t-test. (Graph Pad Prism TM version 3.0; Graph Pad Software, Inc.). P-values < 0.05 were considered significant.
RESULTS
In this paper, the effect of different concentrations of the non-ionic surfactant, n-octyl-β-D-glucopyranoside (OG), on human and rat erythrocytes in hypotonic shock is reported.
For the hemolysis test on rat and human erythrocytes, we used a medium diluted to a tonicity at which about 60-70% of untreated erythrocytes were hemolysed.
As a function of OG concentration, the curves of protection against hypotonic hemolysis were constructed, after which the concentration of OG producing the maximum Fig. (1) . The antihemolytic and hemolytic activity of OG on human and rat erythrocytes. The determination of OG antihemolytic potency was carried out in a medium of osmolarity causing 60-70% hemolysis of untreated erythrocytes or in isotonic conditions. Each point represents the mean of at least three separate experiments. protective effect was calculated; furthermore, isotonic medium was used to determine the OG concentration producing 50% hemolysis (HC 50 ).
The curve of protection against hypotonic hemolysis shows biphasic behaviour on the part of OG when it interacts with erythrocytes: i.e. low OG concentrations are antihemolytic and high OG concentrations are hemolytic. In fact, OG concentration in the range 0.1/0.2-3.0 mM is protective for rat/human erythrocytes, respectively; by contrast, an OG concentration of over 5.0 mM is lytic for both (Fig. 1) .
If we compare the dose-response curves in hypotonic conditions of rat and human erythrocytes (Fig. 1) , it can be seen that the antihemolytic activity of OG in rat erythrocytes is higher than in humans; in fact, at 0.1 mM OG the reduction in hemolysis is 2.8% in human erythrocytes compared to 26.9% in rat erythrocytes. The shape of the curves indicates that the antihemolysis is almost constant between 2-3 mM OG, and then hemolysis increases linearly until at 5.0 mM OG the cells are completely hemolysed. In the range 0.1-2.0 mM OG, human and rat erythrocytes are stabilized, hemolysis being reduced from 60% (without OG) to 29.8% (with OG) and from 66% (without OG) to 22.4% (with OG) in human and rat erythrocytes, respectively. The dosedependent curves in the isotonic medium (Fig. 1) show similar behaviour in both human and rat erythrocytes; in particular, it can be observed that hemolysis becomes manifest for OG concentrations higher than 4.0 mM and increases on increasing the OG concentration up to 9.0 mM, at which point the cells are lysed. The HC 50 is 8.35/8.21 mM in human and rat erythrocytes, respectively.
Figs. (2 and 3) report the osmotic fragility curves. The shape of the curves is sigmoidal for both species and it can be seen that OG significantly protects erythrocytes from hypotonic lysis and reduces the concentration of the medium needed to cause 50% hemolysis. In fact, without OG, 50% hemolysis is achieved in human erythrocytes at 144 mOsM, whereas this value is reduced to 141.9 mOsM, 139.0 mOsM and 136.0 mOsM, at OG concentrations of 0.5 mM, 1.0 mM and 2.0 mM, respectively (P< 0.05) (Fig. 2) . Ponder's equation [10] allows to calculate the critical hemolytic volume. This value in human erythrocytes is 152.9 fL in hypotonic medium and 154.8 fL, 157.5 fL, 160.4 fL at OG concentrations of 0.5, 1.0, 2.0 mM, respectively, corresponding to a % increase of 1.2, 3.0 and 4.9 respectively.
In rat erythrocytes, 50% hemolysis is achieved at 151.7 mOsM in control conditions, and at 149.8 mOsM, 145.5 mOsM, 142.4 mOsM, 139.7 mOsM, in the presence of 0.1, 0.5, 1.0 and 2.0 mM OG (Fig. 3) . Furthermore, rat erythrocytes -but not human ones -are protected against osmotic shock at an OG concentration of 0.1 mM (P< 0.05). Considering that the rat mean corpuscular volume (MCV) is about 56 fL [12] , the critical hemolytic volume is 94.3 fL in hypotonic control, and 95.7 fL, 97.6 fL, 99.3 fL, 100.8 fL in the presence of 0.1, 0.5, 1.0, 2.0 mM OG, respectively, that corresponds to an increase in erythrocyte volume (%) of 1.4, 3.4, 5.3 and 6.8.
The lowest OG concentration required in rat/human erythrocytes to start the increase in critical hemolytic volume corresponds to 0.1/0.5 mM; while the maximum increase in the critical hemolytic volume is reached for both species at an OG concentration of 2.0 mM (7.3fL and 6.0 fL human and rat erythrocytes, with an increase in volume of 4.1% and 5.5%, respectively).
Rat erythrocytes are more responsive to hypo-osmotic shock than human ones (Fig. 4) , as found by other authors Log osmolarity (mOsm/l) Hemolysis (%) [16] ; this could be correlated with: a-the different membrane protein pattern in rat and human erythrocytes, and b-to the different MCV: 87/56 fL human/rat.
Results from other experiments carried out by us (unpublished results) indicate that when the erythrocytes are subjected to lower osmotic stress (165-180 mOsM PBS), OG shows antihemolytic activity in rat erythrocytes at lower concentrations (0.01 mM).
DISCUSSION
Surfactants play an important role in the biochemical and biophysical characterization and purification of membrane proteins; furthermore, they are widely studied as enhancers of cell membrane permeability to drugs and as potential microbicides.
It has been proposed that the antihemolytic activity of lipid-soluble and amphipathic agents, such as surfactants, is due to their ability to expand the membrane, thereby increasing the critical hemolytic volume of the cells. In particular, surfactants interact with erythrocyte membranes in a biphasic manner: they are protective at low concentrations and cause lysis at higher concentrations [2] . However, the mechanism responsible for their antihemolytic effect is not yet understood.
Human erythrocytes do not behave as a perfect osmometer, i.e. their volume does not change as above with the increase or decrease in the tonicity of the medium, as if there was a fraction of cell water not participating in the osmotic exchange [10, [17] [18] [19] [20] .
The aim of this work was to study the effect of OG on human and rat erythrocytes in isotonic and hypotonic conditions.
The results obtained show that like other surfactants, OG shows biphasic behaviour. It is worth noting that the difference in the responsiveness of the two erythrocyte membranes is evident, i.e., rat erythrocytes are more responsive than human erythrocytes; in fact, in hypotonic conditions, rat erythrocytes present an osmotic resistance at an OG concentration of 0.1mM, while in the same conditions human erythrocytes require an OG concentration two to three times higher in order to manifest osmotic resistance, as would be expected from the different surface area/volume ratio (S/V).
The antihemolytic effect is a complex process in which the physical-chemical characteristics of surfactant and the membrane composition play a pivotal role. OG incorporating in the membrane expands erythrocyte volumes, as found for other surfactants. It has been demonstrated that surfactant molecules intercalated in the outer part of the bilayer change the shape of erythrocytes from discocytic to echinocytic with a corresponding increase in the difference between the surface area of the inner and outer leaflets of the bilayer [21, 22] . The red cells are stabilized by minimizing the elastic energy of the membrane, consisting of the bilayer bending energy, the bilayer relative stretching energy and the skeleton shear elastic energy [23] . In this context, the difference between the erythrocytes of the two species which present a different S/V ratio of 1.61 and 2.01 for human and rat, respectively, must be considered.
The greater capacity of OG to stabilize rat erythrocytes is confirmed by the greater antihemolytic potency found experimentally in rat (66%) compared to human erythrocytes (50%) for the same hypotonic medium and OG concentration conditions. This different effect could be correlated to a different absorption of OG on the membrane bilayer and/or to the presence of different protein patterns in the two species studied.
It is worth noting that human and rat erythrocyte membranes differ in quality and quantity from membrane proteins as demonstrated by Seibert et al. [14] . In fact, the protein pattern found in human erythrocytes is spectrins, band 3, protein 4.1, 4.2, 4.9, 5 and 6; whereas in rat it is spectrins, bands 3 and 3.1, protein 4.1 and 4.2 together, protein 4.9 and 5. Furthermore, electrophoretic analysis showed that: a-the band 3 protein, the major component of membrane protein (50%) responsible for Cl -/HCO -3 exchange, is lower in rat; b-the band 3.1 protein is absent in the human red blood cell membrane; and c-protein 6 is not expressed in rat. Sato et al., [24] studied the role played by band 3 protein in human erythrocytes during hypotonic or detergent-induced hemolysis. In hemolysis induced by detergent (SDS), the authors found a modification of membrane fluidity due to a rearrangement of lipids and other membrane components, while in hypotonic hemolysis a conformational and/or associative variation of membrane proteins was evident.
Furthermore, the same authors modified the band 3 protein by means of specific inhibitors, obtaining a dual effect: a-protection of cellular hemolysis through inhibition of water transport, b-variation in membrane proteins.
It could be supposed that the coexistence of the two experimental conditions (hypotonic medium plus detergent) inhibits band 3 protein activity.
The different protein pattern and the S/V ratio would be responsible for a different absorption of surfactant on the membrane lipid bilayer.
OG is widely used as a detergent both because it is not protein denaturing, having a high CMC (19-25 mM) [25] , and due to its very low toxicity in various biotechnological applications such as reducing hydrophobicity [3, 26] . In fact, experiments carried out on the metabolism of orally administered alkyl β-glycosides in the mouse did not show toxic effects of the OG after administration of a dose of 2g/Kg body weight. OG is converted to common products of mammalian metabolism and seems not damage cells of stomach and intestine [5] .
Seelig et al., [27] used H-NMR to demonstrate that OG perturbs the bilayer through fluctuations of acyl chains located at the hydrophobic core of the bilayer in a concentration-dependent manner. Studies of OG incorporation in planar lipid membranes (PLMs) of different composition have documented that OG at very low concentrations incurporates and forms ion channels through a toroidal mechanism in which membrane lipids and OG molecules cooperate to form transient shunts that that show selectivity characteristics depending on the membrane composition [28] . Consequently, a different use has been proposed, alongside the detergent effect, for example as a conditioning agent preventing the colonization and adhesion of Staphylococcus epidermidis and Pseudomonas aeruginosa to contact lenses, and as a promoter in transdermic formulations, specific carrier, physiological modulator, modulator of electroporation and/or as an agent in the noncovalent functionalization of carbon nanotubes.
The antihemolytic effect of OG may be due to its amphipathic properties, which favouring intercalation into the lipid bilayer, expand the membrane, so the swelling take place to a greater volume. However, if the number of surfactant molecules in the bilayer exceeds a certain level, the bilayer collapses and the cell will be lysed [2] . Such nonspecific interactions between OG and the erythrocyte membrane would give rise to membrane fluidity and permeability changes. It could be supposed that by forming channel-like pores in red blood cells just as it does in PLMs, OG forms transient shunts enabling fast ion efflux to balance the osmotic difference between the cytoplasm and the extracellular medium of the cell, thus allowing the cell to increase its swelling threshold.
The results of the present study could suggest a possible use of OG in all diseases in which erythrocyte fragility is manifest, such as in chronic renal failure (CRF) in which patients undergo hemodialysis. Studies to verify its helpfulness are in progress.
